Granule growth is an important process for iron ore sintering process. Variation of granule size has a great influence on the quality of sinter and productivity of the process. In this study, a model of granule growth was proposed based on two dimensional homogeneous sphere packing theory. The sintering process was simulated by an unsteady two-dimensional mathematical model which incorporates most of the significant physical phenomena and chemical reactions. Numerical simulation was carried out by FLUENT software and C language programming via developing custom code. Sinter pot tests were performed and experimental data reasonably agreed with the simulation. Results showed that granules diameter changed from 3 mm to 31.9 mm, which increased nearly ten times, while sintering time and yield can be estimated. Simulations were conducted under different initial iron ore size to investigate its effect on sintering. Results showed that larger agglomeration were formed and thickness of molten zone was decreased under larger initial iron ore size, which shortened sintering time and increased productivity.
Introduction
The main purpose of iron ore sintering is to produce iron-bearing agglomeration as a burden for blast furnace. The feed material melts partially and agglomerates at a high temperature in the sintering bed, then the semi-molten material solidifies and crystallizes into various mineral phases in subsequent cooling period. 1) Figure 1 shows a conceptual version of the iron ore sintering process in sinter pot.
In recent decades, numerical simulation, as an effective theoretical method complementary to laboratory investigation, is being increasingly applied to analyze iron ore sintering. Various mathematical models of iron ore sintering have been developed. [2] [3] [4] [5] It has been proved useful in analyzing the sintering performance 6, 7) and developing new technologies. [8] [9] [10] Besides, some researchers investigated the agglomeration phenomenon of granules and structural changes. 11, 12) However, the process of granule growth was omitted in some previous mathematical models, which implies that agglomeration of particles was not considered. Variation of granule size affects permeability directly, and eventually affects temperature distribution and sintering performance. Therefore, there is still great potential to improve the model of the iron ore sintering.
In this study, an improved mathematical model of iron ore sintering process was developed which considered granule growth and incorporated most of physical phenomena and chemical reactions. The results were compared with sinter pot tests. Simulations were conducted under different initial iron ore sizes in order to investigate its effect on sinter yield and productivity.
Mathematical Model
Some reasonable assumptions and simplifications were adopted before modeling the iron ore sintering process. First, the sintering bed was assumed as a particle packed bed and was treated by means of the porous medium hypothesis; the gas phase was regarded as continuum. Second, granules in the raw mixture were assumed to be spherical with specific equivalent diameter and distributed evenly; each particle had a representative temperature owing to its tiny size and high conductivity, which means there was no temperature gradient inside each particle. Third, the solid phase was constituted by the components of iron ore, coke, limestone, hematite, magnetite and water; the gas phase was assumed to be a mixture of water vapor, oxygen, carbon dioxide, carbon monoxide, nitrogen and obeyed the ideal gas law. Fourth, shrinkage of the sintering bed was neglected.
Conservation Equations
Changes in mass, energy, momentum and species for both gas and solid phases are caused by gas-solid reactions, moisture transferring, melting and et al. Conservation equations for each phase are shown in Table 1 .
The index i represents moisture transferring, coke combustion, limestone decomposition, magnetite oxidation, hematite reduction, carbon monoxide oxidation, and reaction of carbon monoxide with water vapor from 1 to 7 respectively.
In the sintering process, water transfers from solid to gas when evaporating and transfers inversely when condensing while the quantity of exchanged mass between two phases are the same. Reactions 2 to 5 are gas-solid reactions which can lead to the change of both solid and gas masses. Reactions 6 and 7 just occur between different gas components, which only have impact on the mass of gas phase. Changes in solid mass are considerable since the water in the solid phase accounts for 6-12% of the mixture mass. 13) Thus mass conservation equation of the solid phase should not be omitted.
The first and second terms on the left side of the energy conservation equations represent the unsteady term and the convection term. The first term on the right side of the equations is the diffusion term. Other terms are convection heat, evaporation or condensation heat, melting or solidifying heat, and volumetric reaction heat.
Due to numerous and complicated chemical reactions involved in the iron ore sintering process, only the main physical phenomena and chemical reactions were taken into consideration. Heat transfers from solid to gas phase when evaporating and vice versa when condensing. Evaporation and condensation heat are equal and opposite in the energy equations. Melting and solidification just occur in the solid phase, so the melting and solidification heat only have impacts on the solid phase. Chemical reactions were classified into gas-phase reactions and solid-phase reactions, which implies that the heat released or absorbed by gasphase reactions only affect gas temperature, and so does the solid-phase to solid temperature. 14) 2.2. Sub-models 2.2.1. Granule Growth Some correlations of granule growth were adopted in previous simulation of the iron ore sintering process as listed in Table 2 .
As can be observed, calculated sinter diameter was 10 mm with initial granule diameter of 3 mm, 15) while the calculated sinter diameter were not given in other two literatures. According to experimental data, 16) average size of the sinter varies between 30-42 mm with the initial diameter of granules of 3.2 mm.
Particles of raw mixture including iron ore, coke fine, limestone and et al. are pelletized into granules. Typically the mean diameter of iron ore particle is controlled at 3-5 mm. Coarser particle inclines to become the nuclei with the size of + 1 mm, while the adhering particles including coke, limestone and et al. are − 0.5 mm in size.
17) Sketch of a granule is shown in Fig. 2 .
Finer particles with radius of r are adhering on a nuclei particle which has a radius of R. Number of adhering particles n could be calculated according to structural characteristic of the granule, which is expressed as follows: Table 1 . Conservation equations.
Solid phase
Gas phase 3 mm - 
. (7)
With increasing of temperature, outside finer particles start to react with the air. Chemical reaction of coke combustion supplies the main heat to the sinter mix and raise the temperature of granule. Iron ore particle starts to soften and liquid drops form at the surface of iron ore particle when the temperature exceeds the melting point. With increasing of melt quantity, the partial melted granule bonds with the neighboring granules and a new sinter agglomeration is formed with a equivalent diameter of D. Schematic representation of agglomerating process is shown in Fig. 3 .
According to two dimensional homogeneous sphere packing theory, 18) the mean solid deposition ratio of packing is 0.63. Equivalent diameter of the agglomeration can be calculated as follows: Based on the assumption, the agglomeration can be regarded as bonding of several granules. The agglomeration diameter could be increased further with more partial melted granules around when melting condition achieves.
Other Sub-models
Heat convection is dominant for heat transfer between gas and solid phase. Volumetric convective heat transfer coefficient h v is determined by: Patisson's model was used for the prediction of evaporation and condensation which was characterized by two stages, that is a constant rate followed by a decreasing drying rate. 22) Melting starts above the melting temperature and solidification begins when the temperature drops below the melting point. The melting or solidification heat is:
Volume fraction of the melt is given by: Where f Al2O3 , f SiO2 , f flux are mass fractions of alumina, silica and flux in charge respectively. Chemical reactions in the solid phase include coke combustion, limestone decomposition, hematite reduction and magnetite oxidation. Chemical reactions in gas phase include the reactions of carbon monoxide with oxygen and carbon monoxide with water vapor. Reactions adopted in this work are listed in Table 3 .
Physical Parameters and Porosity
Changes of physical parameters including specific heat, thermal conductivity and viscosity of solid and gas were considered in this work. Empirical formulas of physical parameters adopted in the simulation are listed in Table 4 .
Change of porosity with granule diameter in the sintering bed was considered. The empirical formula presented by Castro was adopted: 
Numerical Solution

Initial Conditions
Initial conditions and parameters used in the simulation are listed in Table 5 .
Boundary Conditions
The iron ore sintering process was simulated and computational domain was the same as the configuration of a sinter pot as shown in Fig. 4 . The domain was meshed and 18 250 rectangular grids were generated with the size of 2.5 mm × 2.5 mm. Entrance of the sinter pot was defined as a velocity inlet. The magnitude of velocity was obtained from the experimental gas-flow rate. The bottom of the sinter pot was set to be pressure outlet which was − 6.3 kPa during the ignition stage and maintained at − 12 kPa in the following sintering period. Side walls of the sinter pot were adiabatic.
Numerical Solution
Conservation equations of mass, energy, momentum, and species were solved by FLUENT software with C language programming via developing custom code. Changes of mass, energy, flow resistance and species were defined as the source terms in conservation equations. Variables like temperatures T g , T s , concentrations like c O2 , c CO2 , c H2O and et al. were defined as scalars. Second-order implicit scheme was used to discretize the transport equations. SIMPLE algorithm was used to couple the velocity and pressure. Residuals of conservation equations were on the order of 10 − 6 and the time step was 0.5 second. Relaxation factor of continuum equations and momentum equations were 0.8 and 0.5 respectively.
Sinter Pot Test and Validation
Sinter Pot Test
A sinter pot test was conducted with the operating parameters same as the simulation as listed in Table 5 . Schematic diagram of sinter pot test was shown in Fig. 4 . The sinter pot is 700 mm high with the diameter of 300 mm. Two R-type thermocouples were inserted in the bed at heights of y = 300 mm and y = 500 mm and one K-type thermocouple was inserted in wind box.
Comparison and Validation
Owning to shrinkage and slumping of the sinter bed, tips of the fixed thermocouples could not contact the solid tightly and would be exposed to the pores easily. 27) Consequently, the temperature measured by thermocouple is an integrated temperature between the solid and gas. Using outlet gas temperature to validate the model is a better option for the reason that only the gas phase temperature is measured by the thermocouple in wind box. Figure 5 shows measured and calculated temperature profiles of the waste gas. . Profile of Calculated data 1 is the simulated outlet gas temperature, which is close to the measured data. Relative error between calculated waste gas temperature and the measured was less than 5%. The reason for the deviation is the wall effect which makes hot air flow along the sidewall directly at the beginning of sintering and results in a rise of waste gas temperature. Besides, shrinkage of bed makes cold air flow into the bottom of bed and leads to a decrease in the measured temperature. Therefore, the calculated data are a little lower than the measured at the beginning of the sintering process, and the peak value is a little higher than the measured.
Simulation was carried out without considering granules growth. Simulated outlet gas temperature profile is Calculated data 2 as shown in Fig. 5 . It can be observed that the error between measured and calculated data increased especially at the end of sintering. Therefore, the model could be more accurate with consideration of granule growth.
In addition, the burn through point can be observed from the waste gas profile when gas temperature reaches the highest value. Thus, the sintering time could be predicted. Besides, calculated average diameter of the agglomeration is 31.9 mm with initial diameter of granules is 3 mm, which means that the diameter of granules increases nearly ten times. Meanwhile, the fired sinter plug was removed from the pot, cooled and weighed. Then the plug was dropped from 2 m-height three times. The over 40 mm sinter was crushed to less than 40 mm using a jaw crusher. The shattered sinter was screened at 40, 25, 16, 10 and 5 mm, and the weight of each size fraction was obtained. 28) According to the measured weight fractions of different size ranges, the calculated mean diameter of the sinter was 29.8 mm. The calculation was in line with the experimental data, which proved that model of granule growth is reliable.
Analysis and Discussion
Solid Temperature Profile
Except for the sintering time and average diameter of the agglomeration, some other parameters can be obtained from the simulation.
Solid temperature is the main driving force of chemical reactions and physical changes. By using numerical simulation, can the temperatures of the solid and gas be distinguished. Therefore, it makes sense to analyze the characteristics of temperature profiles quantitatively. Figure 6 shows calculated solid temperature profiles at the height of y = 300 mm and y = 500 mm. Some important characteristics can be derived from this figure. Firstly, peak temperatures can be read from solid temperature curves. Secondly, residence time could be derived which is defined as the time interval when solid temperature is higher than the melting temperature. The melting temperature is the horizontal dotted line at T m = 1 411 K which is decided by mineral components of the raw mixture and calculated according to Eq. (15).
The peak temperatures at the height of y = 300 mm and y = 500 mm are 1 491 K and 1 562 K, while residence times are 2.98 min and 4.66 min. The peak temperature becomes higher and the residence time prolongs with the increase of height, which means that the charge in the lower bed has higher temperature and longer time to melt and agglomerate. Higher temperature will lead to increasing melt fraction while longer residence time will lead to larger diameter of agglomeration especially at the lower sinter bed. Figure 7 shows contour of solid phase temperature at 6th minute. It can be observed that the molten zone which is the area with temperature above melting point T m mainly located at the upper bed. In order to measure the thickness of molten zone, the molten area was extracted from the solid temperature contour and showed in Fig. 8 . The colored bands in Fig. 8 represent the temperature range over melting point. Thickness of the molten zone increases with the sintering progressing downwards due to higher temperature and longer residence time. Thicker molten zone may cause lower permeability in the sintering bed. Therefore greater thickness of molten zone will prolong sintering time and lead to reduction of productivity.
Molten Zone and Melt Fraction
Melt fraction reflects the quantity of molten liquid phase, which is decided by temperature level. According to Eq. (14) , profile of calculated melt fraction f m in the sintering bed can be calculated as shown in Fig. 9 .
As can be observed, melt fraction increases gradually with increasing of the height and the maximum value of melt fraction is located at the bottom of the bed. The melting curve declines at the height of y = 80 mm, which was caused by entering of cold air after ignition period. 
Predict of Sinter Yield
The sinter mix melts partially and forms the product sinter, quality of sinter is mainly dependent on melting degree. It is known that very low melting will result in under-melted sinter and higher return fine percentage, while excessive melting will result in declining of reducibility.
Consequently, sinter quality is determined by the melt fraction to a large extent. Some researchers proposed that the sinter quality is optimum when melt fraction is 0.3. 24) In this study, the sinter mix was assumed to be under-melted when melt fraction was lower than 0.2, while sinter mix melted excessively when melt fraction exceeded 0.4. When melt fraction was between the range of 0.2-0.4, the product sinter was considered as qualified.
Based on the assumption, ratio of qualified sinter in the sintering bed indicates the yield of the sintering process. Calculated sinter yield was 63.51% according to the simulation, while the measured yield of the sinter pot test was 61.96%. The calculated yield was in line with the measured, which verified that the assumption was reasonable.
Discussion
The iron ore has the maximum proportion in the sinter mix. Iron ore size is one of the most important parameters which mainly determines the size of product sinter and affect sinter quality directly. In order to investigate the effect of iron ore size on sintering process, simulations with initial size of 2.5 mm, 3 mm and 3.5 mm were conducted while keeping other parameters unchanged. Figure 10 shows solid temperature profiles for different iron ore diameters. Due to coarser iron ore particle has smaller specific surface per volume, less heat will be absorbed per unit time. Therefore, solid temperature decreases with increasing of iron ore particle. Figure 11 shows variation of melt fraction profiles under different iron ore particle diameters. It can be seen that the melt fraction reduces with increasing of iron ore particle diameter. The difference of melt fraction at the upper bed is greater which is caused by considerable solid temperature difference. Melt fractions in the lower bed are almost the same due to less temperature difference. The melt fraction profiles are analyzed as listed in Table 6 .
As iron ore diameter increases, average melt fraction decreases due to lower solid temperature. Ratio of undermelted sinter increases, while ratio of over-melted sinter decreases, which lead to decreasing of qualified sinter proportion and sinter yield. Figure 12 shows thickness of molten zone under different initial iron ore particle diameters. It can be observed that coarser iron ore particle has thinner molten zone, which will results in improved permeability of the sinter bed. Figure 13 shows waste gas temperature profiles for initial iron ore particle diameters. Calculated sintering times and sinter size are listed in Table 7 .
As can be seen, sintering time was shortened with increasing of iron ore size due to improved permeability. Calculated sinter size increased about ten times. Sinter yield decreased from 65.9% to 61.3%, and sintering time decreased from 22.6 min to 20.3 min. Productivity equals yield divides time. Based on calculation, calculated productivities of sintering are shown in Fig. 14 . For the reason that sintering time was shortened with increasing of iron ore size, productivity was improved although sinter yield decreased.
Conclusion
(1) A mathematical model of the iron ore sintering process was developed which described granule growth based on two dimensional homogeneous sphere packing theory. Most significant thermal phenomena and chemical reactions were considered. Employed with FLUENT software and a custom code, governing equations were solved in a sinter pot configuration. A sinter pot test was carried out and the calculated profiles agreed well with the measured.
(2) Profiles of temperature and melt fraction, contour of molten zone can be obtained based on simulation. Calculated granules diameter increased nearly ten times which was in line with the experimental data, while sintering time could be estimated. Besides, melt fraction was used as a criterion to predict sinter yield.
(3) Simulations were performed under different iron ore particle size in order to investigate its effect on sintering. Results showed that larger agglomeration was formed and molten zone became thinner when increasing iron ore particle diameters, which results in better permeability and shorter sintering time. Due to decreasing of solid temperature, extent of melting decreased. Ratio of under-melted sinter increased and over-melted sinter decreased, which lead to decreasing of sinter yield. Meanwhile, shorter sintering time leads to higher productivity although sinter yield decreased.
